The influence of sodium dodecyl sulfate (SDS) on the stability of TiO 2 engineered nanoparticle (ENP) dispersions is investigated under various pH conditions, SDS and divalent cation concentrations. Based on different scenarios and systematic measurements of surface charges and z-average sizes, a detailed mechanistic approach is proposed assuming surfactant adsorption/desorption, charge inversion, cation bridging, specific adsorption, hydrophobic effects, agglomeration and disagglomeration. Adsorption of SDS on oppositely charged TiO 2 nanoparticles is found to strongly modify their stability. Formation of large agglomerates can be achieved via several routes: i) in the absence of SDS and by adjusting the pH close to the TiO 2 point of zero charge, and ii) in the presence of SDS at a concentration where the positive surface charges of the TiO 2 nanoparticles are counterbalanced by the SDS negative charges (charge neutralization). It is also found that hydrophobic interaction mechanisms between the SDS molecules can also promote the formation of large structures. The influence of pH variations on TiO 2 -SDS electrostatic complexes, formed at low pH, indicates that an excess of SDS is required to prevent the formation of large agglomerates upon pH changes. At low or intermediate SDS concentrations, TiO 2 stability is governed by the subtle interplay of SDS adsorption and TiO 2 surface charge acid-base properties. The presence of divalent electrolytes (water hardness) is found to reduce the SDS amount adsorbed on TiO 2 ENPs and to promote the formation of large micron-sized agglomerates by cation bridging. Our results also indicate that the dispersion preparation protocol is an important issue to consider when ENPs and SDS mixtures have to be prepared and that for the formation of "individually" coated and stable nanoparticles, punctual addition of SDS is required at concentrations higher than the isoelectric point.
Introduction
Due to their very unique properties, 1 mainly arising from their huge specific surface area in comparison with bulk materials, engineered nanoparticles (ENPs) are nowadays used not only in many domains such as biomedicine, textile and cosmetic industries but also in the development of sensors 
Environmental significance
Relatively little attention has been paid to date to the impact of surfactant molecules on the stability of manufactured nanoparticles in aquatic systems and the detailed mechanistic approach based on different scenarios and systematic measurements. In this study we demonstrate that surfactant molecules can significantly influence the TiO 2 nanoparticle stability through several processes including surface adsorption and agglomeration. These processes are found reversible (desorption, disagglomeration) by changing the pH or SDS concentration. The surfactant concentration, mixing procedure (successive or punctual addition), pH as well as the presence of divalent electrolytes are also found to be of high importance. Stabilization/destabilization processes are shown here to be governed by complex mechanisms such as electrostatic repulsions, hydrophobic interactions between SDS chains, specific adsorption of divalent electrolytes, adsorption/desorption of surfactant molecules, and cation bridging. It should be also noted that for a given SDS concentration, electrostatic TiO 2 -SDS complexes can undergo important transformation with pH. We believe that this study is of high value for i) the establishment of ENP dispersion protocols to improve nanoparticle stability with the use of surfactant molecules, ii) a better understanding of ENP commercial dispersions stabilized by surfactants in contact with environmental matrices, iii) the understanding of the impact of water hardness on the SDS-TiO 2 nanoparticle interactions in particular by considering the competition between the divalent cations and the surfactant molecules and iv) for risk assessment evaluation of ENPs entering aquatic systems where both changes in pH and water hardness are expected.
and electronic devices. [2] [3] [4] ENPs are produced in continuously increasing quantities to meet the needs of industry. 5, 6 One of the most produced nanomaterials, with more than 10 000 tons per year, 7 is TiO 2 due to its numerous applications and high stability. 2, [8] [9] [10] [11] [12] The stability of ENPs, which is often required for industrial applications, is strongly dependent on water chemistry such as pH and ionic strength [13] [14] [15] and the presence of various compounds in the dispersion media. [16] [17] [18] An important group of chemicals that are often used to stabilize ENPs during synthesis are surfactants. [19] [20] [21] These amphiphilic compounds have the ability to self-assemble into welldefined structures, modify interfaces, improve dispersion stability and are frequently used for the synthesis of many inorganic nanomaterials. 22, 23 Surfactants are found in detergents, personal care, washing and cleaning agents as well as in numerous technical applications such as textile auxiliaries, agrochemicals, the metal and mining industry, the plastic industry and lubricants. 24 According to the European surfactant producers statistics the total quantity of surfactants produced in 2013 in Western Europe was 2.9 million tons.
25 Surfactants are also used as efficient compounds for the removal of heavy metals present in water via surfactantbased separation processes such as micellar-enhanced ultrafiltration. 26, 27 Only a few systematic studies were made to evaluate in a systematic way the stability of ENPs in the presence of surfactants. The role of the surfactant on the stability of TiO 2 particles was first investigated by Imae et al. 28 They studied the interaction between surfactants at concentrations above the CMC and TiO 2 ENPs using absorbance, dynamic light scattering measurements and electron microscope observations. They attributed the change of absorbance in the presence of the surfactant to different adsorption modes of hemimicelles or double layer compression depending on the TiO 2 surface charge pH dependence and showed that the presence of trivalent cations strongly influences the TiO 2 stability and induces an arrangement of the double-layer compression. Arnold et al. investigated the adsorption of ionic surfactants on hydrophobic particles. 29 This study provided a comparison of surfactant micellization in solution and agglomerate formation at one interface by considering hydrophobic and electrostatic interactions. Liu et al. investigated the stability of nano-SiO 2 in the presence of a cationic surfactant 30 and demonstrated that different mechanisms of ENP agglomeration (charge neutralization, depletion flocculation and hydrophobic effects) were involved in the ENP destabilization. Coagulation-flotation processes of inorganic ENPs in the presence of cationic surfactants were also investigated to optimize the removal of ENPs through particle agglomeration for the treatment of wastewaters from industries producing silica ENPs. [31] [32] [33] Other studies dealing with ENP-surfactant interactions investigated the structures formed during the complexation processes between bare (or polymer coated) ENPs and surfactants by using Fourier transform infrared spectroscopy, 34 small-angle neutron scattering [35] [36] [37] and solvent relaxation nuclear magnetic resonance. 38 In these studies, the authors observed that the presence of surfactants promoted the desorption of the polymer coating due to the conformational change of the polymer layer to a more diffuse state.
Since surfactants are largely used in the field of nanotechnology they are likely to be one of the chemicals that will coexist with ENPs in the environment. Indeed ENPs have the possibility to contaminate water treatment plants, in which surfactants are present, as well as aquatic systems through direct, indirect, accidental or deliberate ENP release. [39] [40] [41] Current knowledge suggests that ENPs entering aquatic systems will exhibit transport and fate behavior that will be highly dependent both on their released form and on the physicochemical characteristics of the receiving water. [42] [43] [44] [45] [46] There is thus a great need to evaluate the effects of water chemistry, changing conditions, and stability of the complexes they form with surfactants under environmental conditions. In this study, we are investigating the properties and stability of TiO 2 ENPs in the presence of sodium dodecyl sulfate (SDS) which is a common anionic surfactant with low production cost. 47 We first focus on the effect of the SDS concentration (and how SDS is added into the ENP dispersions, i.e. punctual versus successive additions) on TiO 2 stability in a pH domain where electrostatic interactions between the two compounds are favored. Formation of electrostatic complexes based on electrostatic attractions is of great importance for the synthesis of stable ENP dispersions via surfactant surface coating. Then, the TiO 2 stability in the presence of SDS, by considering surface charge and size changes, is evaluated upon pH variations and in the presence of divalent cations to investigate the effects of water hardness. This enables the release and behavior of surfactant coated, stable, ENP dispersions in natural waters to be mimicked, which is of high importance for the risk assessment associated with ENPs entering aquatic systems. The novelty of this study is to consider here different scenarios (SDS concentration variations, pH changes, the presence of divalent cations) and systematic measurements of surface charges and z-average sizes to propose a detailed mechanistic approach and predict the TiO 2 behavior from pristine solutions to aquatic systems in the presence (or not) of surfactants. The importance of electrostatic and hydrophobic interactions, SDS desorption and specific adsorption of divalent cations is here discussed by considering stabilization, agglomeration and disagglomeration processes. (BET). The dispersions were sonicated with an ultrasonic probe (CV18, Sonics Vibra cell, Blanc Labo S.A., Switzerland) delivering a power of 50 W for 15 min using a pulsed 80% mode. 48 Sodium dodecyl sulfate (AppliChem, purity >99%, Darmstadt, Germany) solutions were prepared by dissolving the surfactant in ultrapure Milli Q water and used without further purification. To adjust the dispersion pH, sodium hydroxide and hydrochloric acid (1 M NaOH or HCl, Titrisol®, Merck, Zoug, ZG, Switzerland) were used after dilution. Calcium chloride (CaCl 2 , purum, Fluka, Buchs, SG, Switzerland) and magnesium chloride (MgCl 2 , puriss, Sigma Aldrich, Buchs, SG, Switzerland) were used to adjust the electrolyte concentration to the desired values. Experiments were performed in 25 × 90 mm polypropylene tubes (Milian, Vernier, GE, Switzerland) with one 8 × 10 mm crosshead magnetic stirrer (VWR, Nyon, VD, Switzerland) and the agitation speed was set to 500 rpm.
Materials and methods

Zeta potential and size distribution measurements
Determination of z-average hydrodynamic diameters and zeta (ζ) potential values was achieved by dynamic light scattering and laser doppler velocimetry using a Zetasizer Nano ZS instrument (Malvern Instruments, Worcestershire, UK). The Smoluchowski approximation model 49, 50 was applied for ζ potential determination. Analysis was conducted at 25°C and by considering in most cases 50 mg L −1 TiO 2 dispersions.
Such a concentration was selected to provide an optimum light scattering signal. All polydispersity indexes were found below 0.6. All measurements were made 30 min after pH changes or SDS addition.
Experiments under pH changing conditions and in the presence of divalent electrolytes
The influence of pH changes (from acidic to circumneutral pH, representative of natural aquatic systems) in the presence of divalent cations on the stability of TiO 2 -SDS complexes was investigated by first forming stable complexes at low pH. Then they were introduced into a synthetic water containing divalent cations so as to take into account water hardness. The total hardness and pH of investigation were adjusted to the values generally found in the Geneva Lake (France, Switzerland).
Procedure of SDS addition: punctual addition and successive addition
The effect of the SDS surfactant on the stability of TiO 2 ENPs is investigated for two different scenarios of SDS addition. For "punctual" addition, the total amount of SDS is injected into the TiO 2 dispersion in a unique manner so that the final SDS concentration is directly obtained after the addition. For "successive" addition, the ENP dispersion is titrated with the SDS solution to finally reach, after a certain number of injections, the final desired SDS concentration. The time between each successive addition was set to 30 min which corresponds here to the time needed to obtain a plateau in terms of zeta potential and hydrodynamic diameter values. measurement as a function of the SDS concentration in Fig. 2b allows a graphical determination of the critical micellization concentration (CMC) which is found equal to 2.37 g L −1 in good agreement with previous studies. ates are formed, it is found, contrary to punctual SDS addition, that further SDS addition does not lead to disagglomeration of the agglomerates which were formed at the IEP. This is an important outcome indicating that i) preparation protocols are important parameters to consider when ENPs and SDS mixtures have to be prepared, ii) for the formation of "individually" coated and stable ENPs, punctual addition of SDS is required at concentrations higher than the IEP and iii) once formed agglomerates are relatively resistant to disagglomeration.
Results and discussion
Behavior of SDS-TiO 2 complexes upon pH variation
The effect of pH variation (from acid to basic pH with 30 min between successive pH adjustments) on stable SDS-TiO 2 electrostatic complexes formed at pH 3.1 is now investigated at a constant TiO 2 concentration (50 mg L if the deprotonation of TiO 2 hydroxyl surface sites results in a decrease of the ζ potential from +30 mV to +25 mV. Further pH increase rapidly promotes surface charge neutralization then formation of agglomerates (sizes >1 μm). Agglomerate formation is expected to be due here mainly to TiO 2 surface charge neutralization owing to the limited number of adsorbed SDS molecules. It is noteworthy that the IEP is found equal to pH 6.5 ± 0.1 which is higher than the PZC value obtained in the absence of SDS (pH PZC = 6.1). Such a small but significant difference is attributed to the difficulties in deprotoning the TiO 2 positive surface due to the presence of the negatively charged SDS molecules which changes the acid-base properties of the TiO 2 surface groups. By increasing further the pH (pH ≥ 10) a continuous decrease of the mean z-average diameters is observed. The sizes of such agglomerates are greater than those of agglomerates formed at pH 3.1 or agglomerates formed at pH 10 by punctual addition (Fig. 1 ). This is due to the successive pH adjustment and the fact that once formed, large agglomerates only undergo partial disagglomeration. High pH values result in charge inversion to negative values which are close to the values obtained in the absence of surfactants hence indicating desorption of the negatively charged surfactants from the negatively charged ENP surfaces. Under such conditions of low SDS concentration, the TiO 2 -SDS complex properties and its pH charge dependency are mainly controlled by the TiO 2 surface properties.
ζ potential values and z-average diameters of TiO 2 -SDS complexes formed at 200 mg L −1 SDS concentration are presented in Fig. 5b . At pH 3.1 the complexes are negatively charged and the pH increase rapidly results in a decrease of the ζ potential and concomitant formation of agglomerates. Such a behavior is related here to SDS molecule desorption when positive surface sites are deprotonated as well as the presence of both positive and negative sites on the ENP surface when the ζ potential is equal to zero. The IEP is obtained here at pH 5.2 and corresponds to a state where the number of hydroxyl positive surface sites is still important but exactly counterbalanced by the adsorbed SDS molecules. Further pH increase, from pH 6 to 10, induces TiO 2 surface site deprotonation and a continuous decrease to more negative values of the ζ potential. The size of the agglomerates increases continuously with pH increase from 3 to 8.5 then stabilization is observed. No significant disagglomeration is observed. Size and surface charge evolution as a function of pH for TiO 2 -SDS complexes obtained with an important excess of surfactants (SDS concentration equal to 1442 mg L −1 ) is represented in Fig. 5c . In the full pH domain, the complexes are found stable with constant z-average diameters and ζ potential values of about 370 nm and −34 mV, respectively. Data indicate here that the SDS-TiO 2 properties are essentially controlled by the presence of the surfactants and that the TiO 2 surface deprotonation has little effect on the complex total charge which is held constant by the desorption of SDS molecules. An excess of SDS molecules in comparison with the experiment previously discussed in the presence of 200 mg L −1 prevents a decrease of the ζ potential value upon pH variation and therefore formation of large agglomerates. The TiO 2 -SDS complexes, relative charges, number of SDS molecules and stability diagram with pH have been Fig. 7 . In the absence of SDS, when positively charged TiO 2 ENPs are introduced in the synthetic water (Fig. 7a) , TiO 2 charge inversion is observed and the ζ potential rapidly changes from a positive value to −7 mV. It should be noted here that this final ζ potential value is lower than that observed in the absence of divalent cations (ζ potential equal to −30 mV at pH 8.2 as shown in Fig. 1 ). Such a difference is explained by the specific adsorption of divalent cations on the ENP surface in addition to charge screening. Owing to the ζ potential value, large agglomerates are then rapidly formed and, after 30 min, a steady state is obtained. The presence of divalent cations is also found to promote the formation of large agglomerates (diameters up to 3 μm) with the help of cation bridging as represented in Fig. 4b (Fig. 7c ) the ζ potential stabilization takes a longer time (90 min instead of 30 min in the previous experiment) due to TiO 2 surface charge modification and equilibrium time between SDS desorption and SDS-cation complex formation. Indeed, we start with a negative surface potential which rapidly becomes positive then decreases again to negative values. The ζ potential plateau obtained here is higher than that obtained in the absence of divalent cations for an identical pH (−25 versus −20 mV in Fig. 5b ) as SDS-cation complex formation reduces the SDS amount adsorbed. Finally, for the highest SDS concentration investigated (1442 mg L −1 , Fig. 7d ) a significant increase of the z-average diameter is observed, if comparison is made in the absence of cations, due to cation bridging between TiO 2 -SDS complexes as represented in Fig. 4c . The ζ potential reaches a constant value equal to −27 mV which is lower than that observed in the absence of Ca 2+ and Mg 2+ (−34 mV at pH 8.2) due to SDS-cation complex formation. Less SDS molecules are then available for adsorption on the TiO 2 surface. Fig. 8 summarizes the influence of the pH change and the presence of divalent cations on the resulting stability and structure of TiO 2 -SDS complexes. Agglomeration conditions are presented in this figure by hatched squares.
Conclusion
In this study, using a mechanistic approach, we demonstrate that surfactant molecules can significantly influence ENP stability through several processes. The surfactant concentration, mixing procedure (punctual or successive addition), pH as well as the presence of divalent cations are also found to be of high importance. Stabilization/destabilization processes are shown here to be governed by complex mechanisms such as electrostatic repulsions, hydrophobic interactions between SDS chains, specific adsorption of divalent cations, adsorption/desorption of surfactant molecules, and cation bridging. It should be also noted that for a given SDS concentration, electrostatic TiO 2 -SDS complexes can undergo important transformation with pH. We believe that this study is of high value for i) the design of ENP dispersion protocols to improve nanoparticle stability with the use of surfactant molecules, ii) a better understanding of ENP commercial dispersions stabilized by surfactants in contact with environmental matrices, iii) the understanding of the impact of water hardness on the SDSTiO 2 nanoparticle interactions in particular by considering the competition between the divalent cations, surfactant molecules and TiO 2 nanoparticles, and iv) for risk assessment evaluation of ENPs entering aquatic systems where both changes in pH and water hardness are expected. This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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